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Abstract — The oxidative modification of low density lipoprotein (LDL) and the endothelial expression of adhesion 
molecules are key events in the pathogenesis of atherosclerosis. In this study we evaluated the effect of oxidized 
LDL on (he expression of intercellular cell adhesion molecule- 1 (ICAM-1), vascular cell adhesion molecule- 1 
(VCAM-1), and E-selectin on human umbilical vein endothelial cells (HUVECs). The hypothesis that oxidized LDL 
functions as a prooxidam signal was also evaluated, by studying the effect of different radical-scavenging antioxidants 
on expression of adhesion molecules. LDL was oxidized by using Cu 2 \ HUVECs or phospholipase Aj (PLAjV 
soybean lipoxygenase (SLO), the degree of oxidation being measured as thiobarbituric acid-reactive substances 
(TBARS) and conjugated dienes (CD). Exposure of 200 Mg'nM of native LDL to 1 fjm Cu 3 \ HUVECs and to PLA,/ 
SLO resulted in four- lo fivefold higher levels of TBARS and CD than in native LDL Cu 3 *- (1 ^M). HUVEC-. and 
PLAj/SLO-oxidized LDL caused a dose-dependent, significant increase of ICAM-l and VCAM-1 (p < .01). The 
expression of E-selectin did not change. LDL oxidized with a 2.5 and 5 jaM Cu j * did not increase ICAM-1 and 
VCAM-1 significantly. Both the Cu 7 *- and HUVEC-oxidized LDL subjected to dialysis and ultrafiltration, induced 
ICAM-1 and VCAM-1 expression. After incubation with the ultranltrate, the expression of ICAM-1 and VCAM-l 
was not significantly different from that obtained with native LDL. LDL pretreated with different antioxidants 
(vitamin E and probucoi) and subjected to oxidation by Cu : * and HUVECs induced a significantly lower expression 
oflCAM-1 and VCAM-1 than nonloaded LDL(p< .01). The pretreatment of HUVECs with vitamin E and probucoi ' 
significantly reduced the expression of VCAM-1 on HUVECs induced by oxidized LDL (p < .01); the effect on 
ICAM-1 was much leas evident. In conclusion, oxidized LDL can induce the expression of different adhesion 
molecules on HUVECs; this induction can be prevented by pretreating either the LDL or the cells with radical- 
scavenging antioxidant Copyright O 1996 Elsevier Science Inc. 

Keywords — Adhesion molecules, Antioxidants, Atherosclerosis. Free radical. Human umbilical vein endothelial cells 
(HUVECs), Intercellular cell adhesion molecule- 1 (ICAM-1), Oxidized LDL Vascular cell adhesion molecule- 1 
(VCAM-1) 



INTRODUCTION 

An important early event in the initiation of athero- 
sclerosis is the increased interaction of monocytes with 
endothelial cells lining the vessel wall. 1 The adhesion 
of leukocytes to the endothelium is mediated by cell 
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adhesion molecules. These adhesion molecules, which 
include E-selectin (a specific product of endothelial 
cells), intercellular cell adhesion molecule- 1 (ICAM- 
1), and vascular cell adhesion molecule- 1 (VCAM-1) 
(the product of both endothelial and other cells), may 
be important in controlling the extravasation of leu^ 
kocyies out of the circulation in acute and chronic in- 
flammation." Endothelial cell activation by cytokines 
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pression of these binding molecules, h has been shown 
that the signal-iransduction pathways for these binding 
molecules induced by tumor necrosis factor-a (TNF) 
and interleukin-1/? include the translocation of the tran- 
scription factor NF-kB. 4 Recent findings indicate the 
involvement of intracellular!)' generated oxygen-de- 
rived free radicals (ODFR) in this pathway of NF-*B 
activation. 5 Modulation of the expression of these ad- 
hesion molecules by ODFR may, therefore, be an im- 
portant mechanism in initiating atherosclerosis. 

Low-density lipoprotein (LDL) oxidation is be- 
lieved to play an important role in the development of 
atherosclerotic plaque. 6 " 10 This view is supported by the 
presence in atheromatous lesions of LDL with char- 
acteristics similar to those of oxidatively modified 
LDL. 11 To date, the mechanism by which oxidized 
LDL can accelerate the atherogenic process is 
unknown. 

Studies in culture cells have demonstrated that oxi- 
dized LDL is chemotactic for monocytes and stimulates 
monocyte endothelial interactions. i: n Parhami et at., 14 
however, found that only minimally modified LDL ac- 
tivated endothelial cells to increase their interaction 
with monocytes, while highly Cu J *-oxidizcd LDL did 
not. The same authors have also ruled out any contri- 
bution of E-selectin, VCAM-1, and ICAM-I to thejn- 
creased monocyte binding after incubation of endothe- 
lial cells with modified LDL. Frostcgard el al. ,J showed 
that Cu 2 *-oxidized LDL was as effective as interleukin- 
\0 in stimulating the ability of cultured human endo- 
thelial cells to bind U937 monocytic cells. Subse- 
quently, the same authors'* showed that oxidized LDL 
per se did not influence the expression of adhesion mol- 
ecules and that only incubation of endothelial cells with 
conditioned medium from mononuclear cells grown in 
the presence of oxidized LDL resulted in an increase 
of ICAM-l and VCAM-1. At variance with these re- 
sults, Jeng et al." found that Cu 2 *-oxidized LDL en- 
hanced monocyte-endothelial cell binding through cell 
surface expression of ICAM-I, but not VCAM-I. Re- 
cently, Khan et al. 11 observed that incubation of highly 
Cu 3 *-oxidized LDL with endothelial cells did not in- 
duce VCAM-1 ICAM-l or E-selectin expression, but 
augmented their cytokine-activated expression. 

Because the discrepancy in these results may depend 
on differing methods for preparation of oxidized LDL, 
the present study analyzes the effect of LDL, oxidized 
in different ways (Cu J \ endothelial cells, enzymatic), 
on the expression of IC AM- 1 , VCAM- 1 , and E-selectin 
in human umbilical vein endothelial cells (HUVECs). 
The study also addresses the problem whether the ex- 
pression of adhesion molecules is a direct effect of 



onstrated effect of ODFR on modulation of adhesion 
molecule expression in endothelial cells, 5 this study 
also aimed to ascertain whether oxidized LDL func- 
tions as a prooxidant signal that can be counteracted by 
radical scavenging antioxidants. 

MATERIALS AND METHODS 

LDL halation 

Whole blood, obtained by venipuncture from 
healthy volumeeers after 12 h fasting, was collected 
into Vacutainer tubes containing ethylenediamine 
tetraacetic acid (EDTA) (I mg/ml), immediately cen- 
trifuged at 2000 rpm for 20 min at 4 a C, and processed 
for LDL separation within 1 d. LDL was isolated by 
sequential flotation in NaBr solution 19 containing 1 mg/ 
ml EDTA (d 1.019-1.063 g/ml). To minimize oxida- 
tion of LDL during the isolation process, all solutions 
used in the isolation were deoxygenated by bubbling 
with argon. LDL was stored sterile in the dark, under 
nitrogen at 4°C, and used within 3 d. 

Cell culture 

HUVECs were isolated from human umbilical veins 
according to the method of Jaffe 20 and used at passages 
2-4. The cells were grown in 75 cm* culture flasks 
(Falcon, Becton Dickinson, Lincoln Park, USA), filled 
with 10 ml of Ham's F-12 medium (Sigma, St. Louis, 
MO) containing I0#> fetal calf serum (FCS) (Seromed, 
Berlin, Germany), 2 mM glutamine (Seromed, Berlin, 
Germany), 30 pg/ml endothelial cell growth supple- 
ment (Sigma), 100 /ig/ml heparin (Sigma), 100 U/ml 
penicillin-streptomycin (Sigma), 100 ^g/ml strepto- 
mycin (Sigma), and 2.5 pg/ml anphotericin (Sigma). 
The flasks were incubated at 37°C, 100% humidity and 
5% of C0 2 . The medium was refreshed every 2 d. At 
the beginning of each experiment the cells were de- 
tached by 0.01% trypsin/EDTA (Sigma). The trypsin 
was inactivated by dilution, and the cells were washed 
and counted. Cells were plated at a concentration of 
20.000 cells/cm 2 on a multiwell plate (9.6 cmVwell) 
(Falcon, Becton Dickinson, Lincoln Park, USA), 
grown for 3 d, and then used for the incubations. At 
that time the cells were nonconfluent (0.26-0.40 x 10 5 
cells/cm J ). 

HUVECs were harvested and characterized in terms 
of to acetylated LDL binding and factor VIII expres- 
sion, according to previously described techniques. 11 

LDL oxidation 
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concentrations of vitamin E (Sigma) and probucol 
(Sigma) were incorporated into LDL as previously de- 
scribed. 22 These substances were incubated at a final 
concentration of 5 jiM with aliquots of ihe same LDL 
pool, for 3 h at room temperature. Each aliquot was 
then gel filtered on PD-10 disposable columns (Phar- 
macia, Upsala, Sweden) in 10 mM phosphate-buffered 
saline (PBS). pH 7.4. containing EDTA (I mg/ml); this 
ensured elimination of any drug not incorporated into 
the lipoprotein. The drug incorporated into the LDL 
was then evaluated. LDL vitamin E and probucol were 
measured by HPLC with fluorescence detection (Gold 
system; Beckman Instruments Inc., Palo Alto, CA), as 
previously described." 24 Immediately before the oxi- 
dation incubations, LDL was separated from EDTA 
and from diffusible low molecular mass compounds by 
gel filtration on PD-10 disposable columns (Pharmacia) 
in 10 mM PBS. pH 7.4. 

HUVEC-modified LDL was preparatcd by adding 
1.5 ml of serum-free F-12 medium containing 200 /*g/ 
ml LDL protein to each well of HUVECs, and incu- 
bating for 24 h at 37°C Cu* 4 -modified LDL (200 jig 
protein/ml) was prepared by exposure of LDL to 1 to 
5 jzM CuS0 4 in serum-free F-12 medium for 24 h at 
37°C. Enzymatically modified LDL was prepared with 
slight modifications from the method described by 
Sparrow et al., 23 using soybean lipoxygenase (SLO) 
(Sigma), and phospholipase A 2 (PLA 2 )(Sigma). SLO 
and PLA 2 were separately bound to CNBr-activated se- 
pharose beads (Pharmacia) in coupling buffer (0. 1 M 
NaHCOj, 0.5 M NaCl pH 8.3). Approximately 1700 
U of SLO and 4 U of PLA 2 were bound per mg of 
beads. LDL was separated from EDTA by gel filtration 

♦Uas«i™ H at 4<C with 20 t&f. I 

PLA„ 5000 U of SLO. and 1 mM CaCl 2 , in 12 x*T5 * 
mm sterile polypropylene snap cap tubes. Finally, the 
enzymes were removed by centrifugal ion, and 100 pM 
butylated hydroxytoluene and 0.3 mM EDTA were 
added. 

Prior to addition to HUVECs, the supernatant of 
each LDL preparation was passed over a prepacked 
endotoxin affinity column (Detoxigel, Pierce, Rock- 
ford, TL). 

To separate the effect of oxidized LDL from that of 
diffusible low mol mass compounds present in the me- 
dium after the oxidation, the incubation samples were 
also dialysed overnight against 3 I of PBS, pH 7.4, at 
4°C; Spectra/por dialysis tubing closures were used 
(Spectrum, Houston, TX). The sample solution was 
then ultrafiltered through an anisotropic membrane 
(Centricon 30, Amicon, Beverly, MA). 

The extent of LDL oxidation was determined by 



evaluating the level of thiobarbituric acid-reactive sub- 
stances (TBARS). TBARS were expressed as malon- 
dialdehyde equivalents, as previously described. 2 * Ali- 
quots of the incubation mixture containing 100 of 
LDL were removed and added to tubes containing 0.05 
ml of 2% butylated hydroxytoluene, 2 ml of 0.67 TB A, 
and 10% trichloroacetic acid (2:1) in 0.25 N HCI. After 
heating at 100°C for 10 min, the tubes were cooled and 
centrifuged at 2500 rpm for 10 mm. The absorbance of 
the supernatant fraction was read at 532 nm, and the 
quantitation was achieved by comparison with a stan- 
dard curve of matondialdehyde equivalents generated 
by acid-catalyzed hydrolysis of 1 ,1 ,3,3-tetraethoxy- 
propane. 

Lipid peroxidation products were also determined 
by HPLC analysis of saponified lipids, as previously 
described. 27 LDL and oxidized LDL lipids were ex- 
tracted from the sample (0.25 mg protein) with chlo- 
roform-methanol-acetic acid 2:1:0.01. After removing 
the chloroform fraction, the dried lipids were reconsti- 
tuted in 0.5 ml of ethanol; 10 N NaOH was then added 
at 60°C for 20 min. The solution was neutralized by the 
addition of 0.03 ml glacial acetic acid and dried under 
nitrogen. After mixing and centrifugalion, 0.8 ml of the 
heptane layer was removed, dried under nitrogen, and 
resolubilized in 0.15 ml of heptane. Fatty acid oxida- 
tion products were separated, using a normal-phase sil- 
ica column (Zorbax SH, 25 cm x 4.6 mm, 5 pm) in a 
"Gold" system (Beckman Instruments Inc.); this in- 
cluded two pumps, an autosampler (Gilson, model 232 
Bio, Biolabo Instruments, Milano, Italy), a PS2/50 IBM 
computer with the ''Gold" acquisition, and processing 
data software. The mobile phase was a quaternary mix- 
ture of heptane-dicthylether-isopropanol-acetic acid 
100:10:0.9:0.1, at a flow rate of 2 ml/min. Conjugated 
j'enes (CD) were monitored at 234 nm. Standards of 
linoleate hydroxides, 9- and 13 hydroxyoctadienoic 
acid (Cayman Chemical, Ann Arbor, MF) were used. 

Protein was measured by the Pierce BCA protein 
assay reagent. 2 " 

incubation of oxidized LDL with HUVECs 

HUVEC monolayers were incubated with different 
concentrations of oxidized LDL, in M-199 medium 
containing 10% FCS and supplemented with 5 pg/ml 
polymixin B, for 24 h at 37°C. The time of incubation 
was chosen from preliminary time course studies in- 
dicating that ICAM-l and VCAM-I expression in- 
duced by 200 pg of oxidized LDL (I Cu J *) in- 
creased after 6 h, reached a plateau after 12 h and 
remained high for 36 h. At these times no significant 
expression of E-selcctin was observed. 

Some HUVEC monolayers were also oretreated for 
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18 h with equal concentrations (5 pM) of vitamin E 
and probucol, before the addition of oxidized LDL. 
Control incubations were also performed with different 
concentrations of native LDL. 



Cytotoxicity evaluation 

To assess cell survival, hexosaminidase, a stable cy- 
tosolic enzyme released by cells when they undergo 
lysis, was measured according to ihe method of 
Landegren. 79 Briefly, the substrate for the enzyme hex- 
osaminidase, /7-/Mfr^p/irno/-N-acetyl-)3-i>-glucoseam- 
inidc (Sigma), was dissolved at 7.5 mM in 0. 1 M citrate 
buffer, pH 5. The solution was then mixed with an 
equal volume of 0.5% Triton X-100 (Sigma) in water 
and added in volumes of 60 to cells for 60 min at 
37°C. The reaction was blocked by addition of 50 mM 
glycine (Sigma) buffer, pH 10.4. Absorbance was mea- 
sured in a Bio-Rad microplate reader (Model 450, Bio- 
Rad Laboratories S.r.L., Milan, Italy) at 405 nm. Re- 
sults, expressed as percentage toxicity, were as 
(£-5) x 100/A/-5, where E represents the average ab- 
sorbance readings from the experimental wells, S the 
average spontaneous release, and M the maximum re- 
lease after cell lysis. 



Ceil adhesion molecule expression 

Cell adhesion molecule expression was evaluated in 
a fluorescence-activated cell sorter. Cells were har- 
vested by careful treatment with 0.0 1 % trypsin/EDTA 
antagonized by immediate addition of 10% FCS. In 
these conditions, percentage cell toxicity was less than 
3% as judged by hexosaminidase activity. ,, Cells (6 X 
10 4 ) were treated for 30 min with saturating amounts 
of anti-ICAM-l, VCAM-1, and E-selectin monoclonal 
antibodies (Immunotech, Marseille, France) in PBS 
containing 0.5% bovine semm albumin (BSA). For 
staining, cells were incubated with goat antimouse flu- 
orescein isothiocyanate IgG (Immunotech, Marseille, 
France). To avoid unspecific binding, cells were then 
preincubated with 5% human serum in PBS for 15 min 
on ice. Samples were washed twice with fluorescence- 
activated cell sorter buffer (Becton Dickinson, Heidel- 
berg, Germany), fixed in 2% paraformaldehyde to pre- 
vent homotypic aggregation and analyzed with 10,000 
cells per sample by a fluorescence-activated cell sorter 
(Becton Dickinson, Heidelberg, Germany). To correct 
for unspecific binding, values from nonspecific goat 
IgG (Immunotech, Marseille, France) were subtracted 
from each value obtained from staining with specific 
antibody. 



Statistical analysis 

Data on adhesion molecules are given as mean val- 
ues i SD and are expressed as % variation of the mean 
control fluorescence intensity (no addition of oxidized 
LDL). They represent the results of experiments per- 
formed in quadruplicate on 12 separate occasions, in- 
volving six different batches of LDL. 

Statistical analysis was performed by analysis of 
variance and subsequent by post hoc analysis, using the 
"SYSTAT" program and statistical software manual 
(SYSTAT Inc., Evanston, IL) for Macintosh. 
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In our experimental conditions, exposure of 200 ugf 
ml of native LDL to I mM Ctr\ HUVECs, and to 
PLA^SLO for 24 h resulted in four- to fivefold higher 
levels of TBARS and CD (Fig. 1) and greater mobility 
in agarose gel electrophoresis (data not shown) than 
observed with native LDL. 

The exposure of HUVECs to medium containing 
200 jig/ml of LDL oxidized with 2.5 and 5 uM Cu 2 * 
resulted in a 9- to 14-fold increase of TBARS and in 
five- to sixfold increase in CD compared to native LDL. 
In passing from a concentration of 1 uM Cu 2 * to 2.5 
and 5 uM Cu J \ the increase in TBARS (expressed as 
% variation) was far greater than that in CD (p < .001); 
TBARS increased from 3.21 ±0.14 nmol/ml to 6.45 
i 0.32 nmol/ml (+100.0 i 7.5%) and 10.98 nmol/ml 
(+242.1 * 9.1%), and Cp from 24.77 i 2.46 nmol/ml 
to 31.99 ± 3.08 nmol/ml (+29.1 2: 4.2%) and to 38.89 




I 
i. 



I 



r30 




-25 




-20 


1 


-15 


1 


-10 


8 


-5 


□ 


--0 





Native Cu~ HUVECs PLA2/SL0 



Fig. 1. Thiobarbiluric acid-reaclive substances (TBARS) and con- 
iugated diene (CD) levels obtained after incubation of native LDL 
10.2 mg LDL protein) with Cu J * (I jiM), human umbilical vein 
endothelial celH (HUVECs) and phospholipase A 2 (PLA 2 ysoybean 
liposigenase (SLO) for 24 h. Aliquot* were taken for TBARS and 
CD determinations. TBARS and CD represent the results (mean t 
SD) of experiment* performed in quadruplicate on twelve separate 
occasions, involving sis different batches of LDL. 
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i 4.16 nmol/ml (57.6 r 6.1%) at 2 5 and 5 M M Cir\ 
respectively. Figure 2 shows the effect of the different 
Cu J * concentrations, expressed in terms of Cu J */LDL 
protein ratio on TBARS and CD levels. 

Effect of oxidized LDL on 1CAM1. VCAM- 1, and 
E- select in expression on HUVECs 

To analyze the effect of oxidized LDL on TCAM-I, 
VCAM-1, and E-selectin, confluent cultures of HU- 
VECs were exposed for 24 h to medium containing 
different amounts (from 50 to 200 pg/ml) of I /iM 
Cu J+ -, HUVEC-, and PLAj/SLO-oxidized LDL. 
Cu 2 *-, HUVEC-, and PLA 2 /SLO-oxidized LDL caused 
a dose -dependent, significant increase of ICAM-l and 
VCAM-1. There was also a slight, nonsignificant in- 
crease in E-selectin, Figure 3 shows the effect of dif- 
ferent concentrations of Cu 2 *-. HUVEC-, and PLAj/ 
SLO-oxidized LDL on the expression of ICAM-l, 
VCAM- 1 , and E-selectin. 

The exposure of HUVECs to medium containing 
200 /ig/ml of LDL oxidized with 2.5 and 5 /iM Cu 1 * 
did not significantly increase ICAM-l, VCAM-1, and 
E-selectin expression on HUVECs (Fig. 4). 

The extent of endothelial cell cytotoxicity (ex- 
pressed as % cytotoxicity), induced by 24 h incubation 
with LDL oxidized with 1 uM Cu 2 \ HUVECs, and 
PLA 2 /SLO, was always less than 3%. When incubated 
with LDL oxidized with 2^5 and 5 jiM Cu 2 * for 24 h, 
the percentage toxicity of endothelial cells was 16 ± 
4% and 30 ± 5%, respectively. 

Effect of dialysis and ultrafiltration of medium 
containing oxidized LDL on ICAM-l and VCAM- 1 
expression on HUVECs 

The potential contribution of substances in the oxi- 
dation medium to the induction of adhesion molecules 
by 1 fxM Cu 2 *- and HUVEC-oxidized LDL was ex- 
amined by dialysis and ultrafiltrate experiments. An av- 
erage of 58 and 66% of TBARS were removed from 
the LDL medium by separate experiments with dialysis 
and ultrafiltration, respectively. The Detoxigel column 
removed, on average, only 6% of TBARS. These var- 
ious preparations of LDL, together with the ultrafiltrate, 
were tested for their ability to induce ICAM-l and 
VCAM-1 on HUVECs. Figure 5 shows the effect of 
dialysis and ultrafiltration on the expression of ICAM- 
1 and VCAM-1 induced by oxidized LDL. Both the 
Cu 2 *- and HUVEC-oxidized LDL, subjected to dialysis 
and ultrafiltration, induced ICAM-l and VCAM-1 ex- 
pression. After incubation with the ultrafiltrate, expres- 
sion of ICAM-l and VCAM-1 did not differ signifi- 
cantly from that obtained with native LDL. 



12t -t T r 40 




50 12 5 250 



Cu /protein 

Fig. 2. Effect of Cu : * to LDL protein ratio (Cu 1, /protein) on thio* 
barbituric acid-reactive substances (TBARS) and on conjugated di- 
ene (CD) levels. The same amount of LDL (0.2 mg LDL protein) 
was oxidized with I, 2.S, and 5 pM Cu 1 * for 24 h at 37*C. Aliquot* 
were taken for TBARS and CD determination. The results represent 
the mean t SD of experiments performed in quadruplicate on 12 
separate occasions, involving six different batches of LDL. An as- 
terisk indicates that the value differs from the Cu 3 * to LDL protein 
ratio ■ 5 (/> < .01). A dagger indicates that the effect for TBARS 
was significantly greater than for CD ip < .001). 

Effect of antioxidants on LDL oxidation and ICAM-l 
and VCAM -l expression on HUVECs 

We subsequently determined whether the presence 
of vitamin E and probucol in LDL during Cu 2 *- and 
HUVEC- induced LDL oxidation was able to attenuate 
the expression of ICAM-l and VCAM-1 on HUVECs. 
Table 1 shows the concentration of LDL vitamin E and 
probucol after incubation of LDL with equal concen- 
trations (5 mM) of the two antioxidants for 1 8 h. The 
concentration of LDL vitamin E represents the net con- 
tent of vitamin E incorporated into the lipoprotein (total 
LDL vitamin E - vitamin E concentration in untreated 
LDL). In these conditions, exposure of 200 pgfm\ of 
LDL pretreated with antioxidants to Cu 2 * and 
HUVECs resulted in 1.5-2.5-fold higher levels of 
TBARS and CD than obtained with native LDL (Table 
1). The increase was significantly lower than that ob- 
tained with nonpretreated LDL (p < .01) under the 
same experimental conditions. Figure 6 shows the ef- 
fect of Cu 2 *- and HUVEC-oxidized LDL, pretreated 
with antioxidants, on ICAM-l and VCAM-1 expres- 
sion on HUVECs. The presence of antioxidants during 
lipoprotein oxidation significantly reduced the expres- 
sion of oxidized LDL-induced ICAM-l and VCAM-1, 
with no significant change in percentage cytotoxicity. 

Effect of oxidized LDL on ICAM-I and VCAM -I 
expression on HUVECs pretreated with antioxidants 

HUVEC monolayers were also pretreated with 5 uM 
vitamin E and probucol for 18 h before the addition of 
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Fig. 3. EfTect of different concentration* of Cu 2 *-hum»n umbilical 
vein endothelial cell (HUVEO and phospholiptse Aj/soybean 
lipoxygenase (PLAj/SLO)-oxidized LDL on the expression of ICAM- 
I , VCAM-I , and E-selectin on HUVECs. Cultures of HUVECs were 
exposed to medium containing different amounts (from SO to 200 
Mg/ml) of 1 phi Cu 1 *. HUVEO and PLA^SLO-oxidiied LDL. Cell 
adhesion molecule expression was evaluated in a fluorescence- 
activated cell sorter. Results are given as % variation of the control 



oxidized LDL. Pretrcatmcni of LDL or HI A EC- with 
vitamin E and probucol did noi induce any cytotoxicity. 
Control incubations were also performed with different 
concentrations of native LDL. Both antioxidants sig- 
nificantly reduced the expression of ICAM-1 and 
VCAM-1 induced by oxidized LDL (Fig. 7). This ef- 
fect, however, was significantly greater for VCAM-I 
than for ICAM-1 after incubation with both Cu : *- and 
HLTVEC-oxidized LDL (p < .01) (Fig. 7). 

DISCUSSION 

The results of this study show that oxidized LDL, 
irrespective of the method of oxidation, determined a 
dose-dependent increase in the expression of ICAM-1 
and VCAM-1 on HUVECs. Cu 2 *-. HUVEC-. and 
PLAj/SLO oxidized LDL. on the contrary, did not sig- 
nificantly modify the expression of E-selcctin on 
HUVECs. Our results are partially in agreement with 
those obtained under different experimental conditions 
by Jeng et al., 17 who reported a 2.6-fold increase in cell 
surface expression of ICAM-1, but not VCAM-1, after 
treatment of HUVECs with deoxidized LDL. Con- 
sistent with the results of Parhami et al., 14 this study 
also shows that the PLAj/SLO-oxidized LDL did not 
increase the surface expression of E-selectin. Our re- 
sults are at variance with those of Frostegard et al.,' 6 
who demonstrated that human mononuclear leukocytes 
exposed to low concentrations of Cu 2 *-oxidized LDL 
secreted one or several factors stimulating the endothe- 
lial expression of cellular adhesion molecules and the 
ability of endothelial cells to bind monocytic ceils; no 
such effect was reported for oxidized LDL per se. The 
results of this study also disagree with those of Khan 
et al." who observed that incubation of highly Cu 5+ - 
oxidized LDL with endothelial cells did not induce 
VCAM-1 ICAM-1 or E-selectin expression but aug- 
mented their cytokine-activated expression. 

The difference between the above results and ours 
may be related to differences in the oxidized LDL prep- 
arations, for which the composition of lipid oxidation 
products can differ greatly. While there arc no pub- 
lished data with which to compare the results 
on ICAM-1 and VCAM-1 expression induced 
by HUVEC-and PLA^SLO-oxidtzed LDL, for Cu 2 *- 
oxidized LDL their expression seems to be determined 
by the amount of Cu 2 * and, above all, the Cu J * to LDL 
protein ratio. The same amount of LDL protein, incu- 



Fig. 3 Continued, (no addition of oxidized LDL) and represent the 
mean i SD of experiments performed in quadruplicate on 1 2 *ep 
arate occasions, involving six different batches of LDL. An asterisl 
indicates that the value differs from the control (p < 01 V A smal 
cross indicates thai the value obtained with HUVECs differs fron 
that obtained with Cu 1 * and PLA^SLO (p < .01). 
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Fig. 4 Effect of LDL (0 2 mg protein) oxidized with I, 2.5, and 5 
jiM Cu 2 ' on the expression of ICAM-1 and VCAM-t on human 
umbilical vein endothelial cells (HUVECs). Cultures of HUVECs 
were exposed to medium containing LDL oxidized with different 
concentrations of Cu'*. Cell adhesion molecule expression was eval- 
uated in a fluorescence-activated cell sorter. Results are given as % 
variation of the control (no addition of oxidized LDL) and represent 
the mean i SD of experiments performed in quadruplicate on 12 
separate occasions, involving six different batches of LDL. An as- 
terisk indicates that the value differ* from 2 J and 5 Cu 1 * ip < .01). 



bated with increasing amounts of Cu 2 *, did not induce 
the expression of ICAM-1 and VCAM-I on HUVECs. 
There was an associated increase in TBARS levels and 
in CD even though 2.5 and 5 jiM Cu 1 * induced dispro- 
portionally higher TBARS contents. These results can 
be explained by the ability of Cu 2 * to effectively cleave 
lipid hydroperoxides to aldehydic products. 30 The de- 
composition of lipid hydroperoxides to aldehydes is a 
general phenomenon during lipid peroxidation in bio- 
logical systems, and the amount of aldehydes that can 
be measured in oxidized LDL depenc|| ^ , LA n § experi- 
mental conditions." LDL oxidized f 9f| 3 f S A fit&' 
sence of Cu 2 * in a dialysis bag was pt^ffi 1 ©* jfo- 
onstrated to contain 17.8 mol aldehyde/moT LDL, 
while LDL oxidized for 3 h in the presence of 1 .6 mM 
Cu 2 * contained 100 mol aldehyde/mol LDL." It is. 
therefore, possible that, when the Cu 2 * to LDL protein 
ratio is disproportionately high, there is a prevalence of 
oxidation products derived from the lipid hydroperox- 
ides. On the other hand, when the ratio is lower, only 
a minor amount of CD can be cleaved to other oxidative 
products. 

It is interesting to point out that the authors' 6 " who 
did not find any variation in the expression of adhesion 
molecule by Cu 2 *-oxidized LDL used a Cu 1 * to LDL 
protein ratio 10 times higher (ratio 50) than ours (ratio 
5). On the basis of the present data, it is, of course, 



difficult to draw any definite conclusion as to why LDL 
oxidized with higher levels of Cu : * did not induce the 
expression of ICAM-T and VCAM-l on HUVECs. Be- 
cause the most markedly modified preparations of LDL 
increased cytotoxicity wiih the overall profile compar- 
ing favorably with TBARS levels, one explanation of 
our results could be thai higher levels of Cu 2 * might 
have been toxic to the HUVECs over 24 h of 
incubation. 

The potential contribution of oxidized LDL com- 
ponents or substances in the oxidation medium lo elic- 
iting adhesion molecule expression on HUVECs was 
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Fig. 5. EfTect of dialysis (Dial) and ultrafiltration (Ultraf) of Cu'*- 
and human umbilical vein endothelial cell (HUVEO-oxidiied (ox) 
LDL on the expression of ICAM-1 and VCAM-I on HUVECs. LDL 
was dialyied and ultrafiliered as described in Materials and Meihodi. 
Cultures of HUVECs were exposed to medium containing 200 jig/ 
ml of I mM Cu**- and HUVEC-oxidired LDL. Cell adhesion mol- 
ecule expression wis evaluated in a fluorescence-activated cell sorter. 
Results are given as % variation of the control (no addition of ox- 
idized LDL) and represent the mean r SD of experiments performed 
in quadruplicate on 12 separate occasions, involving six different 
batches of LDL. An asterisk indicates that the value differs from the 
control (p < 01). 
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Table I Effect of Vitamin E and Probucol on Thionarbitunc Acid Reactive Substances (TBARS) jnd 
Conjugated Diene (CD) Production Dunng Cu*"- and HUVEC-Induced LDL Oudation 



(nmol/ml) 



Native Co 1 * HUVECs 

Pound ■ ' — " ■ 

Added (ng/mg LDL) TBARS CD TBARS CD TBARS CD 



Vitamin E f5 yM) 428 Z 18 0 71 z 0.09 1.85 r 0 15 1.22 i 0.1 1* 3.56 i 0.24* 1.28 : 0.13* 3 84 * 0 31* 
Probucol (5 mM) 323 z 19 0-78 Z 0.07 1.72 z 016 1.71 z 0 15* 3.99 z 0.29* 1.84 z 0 14* 4 H ; 0J7* 

No addition — 0.75 * 0.10 1.79 ± 0.16 3.65 z 0.14 7.14 i 0.7J 3 88 * 0.16 7.84 * 0.72 



* Significantly lower than untreated LDL (no addition) p < .01. 

To incorporate the antioxidants into the lipoprotein, equal concentrations or vitamin E and probucol were incubated with LDL for 3 h at 
room temperature. After gel -filtration the drug incorporated into the LDL was measured (see Materials and Methods) Viumin E found represents 
the net amount of vitamin E incorporated (total vitamin E found - vitamin E present in untreuied LDL). Treated and untreated LDLs were 
oxidized by Cu'* and HUVECs ax described in Materials and Methods. 



studied with dialysis and ultrafiltration experiments. 
Only the Cu 2 *- and HUVEC-oxidized LDL subjected 
to dialysis and ultrafiltration induced expression of 
ICAM-1 and VCAM-1; the ultrafiltrate did not. This 
observation is consistent with the finding that most of 
the products measured as TBARS, presumably cleaved 
products of hydroperoxides, were lost upon dialysis 
and ultrafiltration without any significant effect on ad- 
hesion molecule expression. It also indicates that, when 
LDL is modified slightly with low levels of Cu j4 (I 
fjM) and not ultrartltered or dialyzed, the cleaved prod- 
ucts of hydroperoxides have no appreciable effect on 
adhesion molecule expression. These results do not al- 
low us to identify the LDL components that can stim- 
ulate adhesion molecule expression on HUVECs, and 
this point requires further study. 

The results of the present study also show that LDL 
pretreated with different antioxidants and subjected to 
oxidation by Cu 3 * and HUVECs induced a significantly 
lower expression of ICAM-I and VCAM-1 on 
HUVECs than nonpretreated LDL. The results are in 
agreement with previous data showing that antioxi- 
dants increase the resistance of LDL to oxidation.* 3 " 13 
, In vitro susceptibility of LDL to oxidation is associated 
with coronary atherosclerosis in human beings,* 1 * 33 and 
LDL oxidation may also contribute to the atheroscle- 
rosis associated with hypertension. 36 Prevention or 
minimization of LDL oxidation by antioxidant therapy 
could protect against the expression of adhesion mol- 
ecules induced by oxidized LDL, as well as other bi- 
ologic effects. 

Finally, the results of this study also demonstrated 
that the pretreatment of HUVECs with vitamin E and 
probucol significantly reduced the expression of 
VCAM-I on HUVECs induced by oxidized LDL; the 
effect on ICAM-l was much less evident. The nature 
of the mechanism by which vitamin E and probucol 
reduce the expression of VCAM-1 induced by oxidized 



LDL remains to be established. It has recently been 
demonstrated that some radical-scavenging antioxi- 
dants inhibit monocyte adhesion by suppressing nu- 
clear factor (NF)-kB mobilization and induction of 
VCAM-I in endothelial cells stimulated by TNF. I7rJI 
Because NF-kB activation by TNF was found to be 
controlled by reactive oxygen intermediates (ROIs), 5 it 
was suggested that radical-scavenging antioxidants 
preferentially exert their effect by scavenging radicals 
and altering intracellular thiol levels. 9 * 37 *" In our study, 
oxidized LDL may have influenced gene expression by 
causing oxidative stress and NF-«B activation; the rad- 
ical-scavenging antioxidants used in this study may 
have prevented NF-kB- mediated adhesion molecule 
induction by exerting their effects on ROIs. This hy- 
pothesis is consistent with the recent finding that the 
ability of endothelial cells to express VCAM-1 in re- 
sponse to a cytokine signal may be modulated by oxi- 
dized LDL through modification of its redox-sensitive 
mode of regulation." 

Both vitamin E and probucol exerted a preferential 
effect on VCAM-I expression induced by Cu 1 *- and 
HUVEC-oxidized LDL. On the basis of the present 
results, it is, of course, difficult to explain why vita- 
min E and probucol affected ICAM-I expression in- 
duced by Cu 1 *- and HUVEC- oxidized LDL to a 
far lower extent than VCAM-I. It is worth noting 
that the results we obtained with vitamin E and 
probucol are similar to those obtained with a variety 
of cytokine inducers. 37 " In response to these com- 
pounds, endothelial cells can concurrently activate 
the expression of the adhesion molecule genes 
VCAM-l, ICAM-I, and E-selectin. 37 It is now well 
established that only the activation of endothelial 
cell VCAM-I gene expression is clearly regulated 
by a signal tranduction mechanism sensitive to in- 
hibition by antioxidants. 37,31 Although a detailed de- 
scription of E-selectin and ICAM-I gene activation 
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idized LDL activate VCAM-I and ICAM-I gene 
expression and (hat, like with cytokine inducers, 
ICAM-gene expression escapes inhibition by 
antioxidants. 

In our study, oxidized LDL did not induce the ex- 
pression of E-selectin on HUVECs. This may imply 
that E-selectin, VCAM-I, and ICAM-1 do not share 
common regulatory signals immediately after receptor 
activation when stimulated by oxidized LDL. 

In conclusion, the results of this study show that 
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Fig. 6. Effect of Cu 1 *- and human umbilical vein endothelial cell 
(HUVEC)-oxidUed LDL, preloaded with vitamin E and probucol. & 
on ICAM-1 and VCAM-1 expression on HUVECs. Vitamin, 
probucol were incubated at a concentration of 5 j#M wiwj*hqu<ji 
of the same LDL pool for 3 h at room temperature. Cultures of 
HUVECs were exposed to medium containing 200 jig/ml of I mM 
Cu 2 *- and HUVEC prctrcated oxidized LDL. Cell adhesion molecule 
expression was evaluated in a fluorescence -activated cell sorter. Re- 
sults are given as * variation of the control (no addition of oxidized 
LDL) and represent the mean ± SD of experiments performed in 
quadruplicate on 12 separate occasions, involving six different 
batches of LDL. An asterisk indicates that the value differs from the 
control ip < .01). 



in endothelial cells is beyond the scope of this study, 
it is reasonabaly established that E-selectin and 
ICAM-I gene expression induced by cytokine in- 
ducers can escape inhibition by antioxidants. " M It 
has, therefore, been hypothesised that E-selectin, 
VCAM-l, and ICAM-I may share common regula- 
tory signals immediately after receptor activation by 
cytokine inducers, but that E-selectin and ICAM-I 
gene expression may be modulated by gene-specific 
signal transduction mechanisms. 37 A tentative ex- 
planation of our results could, therefore, be that ox- 
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Fig. 7. Effect of pretreaimeni of human umbilical vein endothelial 
cells (HUVECs) with vitamin E and probucol on the oxidized LDL- 
induced expression of ICAM-I and VCAM-I. HUVEC monolayers 
were prctreated with 5 jjM vitamin E and probucol for 18 h before 
the addition of oxidized LDL. Cultures of pretreatcd HUVECs were 
exposed to medium containing 200 pg/ml of I $M Cu 2 *-. HUVEC- 
ox idized LDL. Cell adhesion molecule expression was evaluated in 
a fluorescence-activated cell sorter Results are given as % variation 
of the control (no addition of oxidized LDL) and represent the mean 
i SD of experiments performed in Quadruplicate on 12 separate 
occasions, involving six different batches of LDL. An asterisk in- 
dicates that the value differs from the control (p < .01). A small 
cross indicates that the effect for VCAM-I was significantly greater 
than for ICAM-I (p < 01). 
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oxidized LDL can induce the expression of different 
adhesion molecules on HUVECs, and that this in- 
duction can be prevented by pretreating cither the 
LDL or the cells by radical-scavenging antioxidants. 
Because monocyte recruitment into the vascular 
wall following adhesion to endothelial cells is a cru- 
cial step in the pathogenesis of atherosclerosis, our 
study implies that antioxidants may have as yet unex- 
plored therapeutic effects in treatment of this 
condition. 
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ABBREVIATIONS 

CD — conjugated diencs 

EDTA — ethylenediamine tctraacelic acid 

FCS — fetal calf serum 

HUVECs — human umbilical vein endothelial cells 

ICAM-1 — intercellular cell adhesion molecule- 1 

LDL — low density lipoprotein 

NF-<B — nuclear factor-*B 

ODFR — oxygen-derived free radicals 

PBS — phosphate-buffered saline 

PLA 2 — phospholipase A 2 

ROIs — reactive oxygen intermediates 

SLO — soybean lipoxygenase 

TBA — thiobarbituric acid 

TBARS — thiobarbituric acid reactive substances 

TNF — tumor necrosis factor a 

VCAM-1 — vascular cell adhesion molecule- 1 
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